The recent characterization of partitioning proteins in the localization of chemotaxis 12 signal transduction systems was proposed to have broad implications for polarly-flagellated non-13 enterobacteriaceae gamma-proteobacteria. These studies showed that the loss of either 14 partitioning protein resulted in equivalent reductions in swimming motility and chemotaxis 15 protein localization and inheritance. However, the role of these chemotaxis partitioning proteins 16 outside of Vibrio spp. remains untested. Our studies on the chemotaxis partitioning proteins in 17 Pseudomonas aeruginosa revealed an unexpected role for the partitioning protein ParP. While 18 the P. aeruginosa ParC and ParP homologs are needed for wild type swimming motility, the loss 19 of ParP results in a greater swimming defect compared to the parC mutant. Our studies revealed 20 that the Par-like proteins directly interact with each other and the chemotaxis system, and ParP 21 interacts with DipA. Deletion of dipA results in a similar defect in swimming motility as the 22 parP mutant. ParP has an interdependence for polar cluster formation, but not localization, with 23 both CheA and DipA, and CheA cluster formation is partially dependent on ParP. Due to the 24 direct interactions and interdependence of cluster formation of ParP and DipA, and the similar 25 phenotypes of the parP and dipA mutants, further investigation into the role of ParP in biofilm 26 dispersion is warranted. 27 Importance 28 Impaired chemotaxis protein cluster formation or inheritance reduces chemotaxis which 29 can have an impact on of the virulence of a bacterium. In some gamma-proteobacteria there are 30 systems in place to ensure that chemotaxis proteins, like chromosomes and plasmids, are 31 localized for optimal chemotaxis and that daughter cells inherit their own clusters for use after 32 cell division. Par-like proteins have been implicated in the partitioning and localization of 33 3 chemotaxis proteins and the chemotactic ability of Vibrio spp. and Rhodobacter sphaeroides [1-34 3].We propose that Par-like proteins can do more than localize chemotaxis proteins to the poles 35 of the cells. In P. aeruginosa, they bring together other key proteins involved in regulating 36 flagellar-based motility, and we propose they function as a critical link between biofilm dispersal 37 and motility.
parPPa mutant, yet these results were significantly different from each other (Fig. 4A ).
DipA, ParPPa and CheA polar localization is interdependent. Given the similar phenotypes 174 and direct interaction between ParP and DipA, we investigated the localization dependence of 175 CheA, DipA and ParPPa by fluorescence microscopy. CheA-mTq foci formation or localization 176 remained unchanged in a dipA mutant, indicating that CheA localization is independent of DipA 177 (Figs. 5A and B) . Levels of CheA-mTq remained unchanged in the dipA mutant ( Fig. 5C ). ParPPa foci formation was reduced by 50% in a dipA mutant and 60% in a cheA mutant, but there 179 was no change in localization ( Fig. 6 ). DipA-Yfp foci formation was reduced by 50% in a parPPa 180 mutant and 95% in a cheA mutant (Fig. 7) . The dependence of DipA on CheA for foci formation 181 has been previously published [16] . Expression of the ParP and DipA fluorescent fusion proteins 182 complemented the swimming defect of their respective mutant parent strains to the same levels 183 as the His-tagged ParP and DipA proteins (data not shown), thereby demonstrating that these 184 fusion proteins are as functional as the His-tagged versions. DipA was present at similar levels in 185 all mutant backgrounds, demonstrating that a loss of foci formation was not due to altered 186 protein levels (Fig. 7B ). The levels of ParP fusion protein in the ΔparPΔcheA and ΔparPΔdipA 187 double deletion strains consistently appeared less than in ΔparP, suggesting ParP stability may 188 be affected by the loss of its interacting partners (Fig. 6B) formation and localization [1] [2] [3] . P. aeruginosa has par-like genes encoded in its main 204 chemotaxis gene cluster, che I (Fig. 1A) , and this work provides convincing evidence that these 205 Par-like proteins are involved in chemotaxis and linked to DipA, a c-di-GMP phosphodiesterase 206 involved in biofilm dispersion and motility regulation.
207
The Par-like proteins are known to be involved in swimming motility, chemotaxis and 208 polar array formation in Vibrio spp. [1, 2, 9] . Our work shows that in P. aeruginosa, ParCPa and 209 ParPPa are needed for optimal swimming motility ( Fig. 1B) . Comparison of the phenotypes 210 between V. parahaemolyticus and P. aeruginosa reveal that the parPVp mutant has a swimming 211 defect equal to the V. parahaemolyticus parC mutant. However, ParPPa is distinct in that it 212 appears to have a more significant role in swimming motility, and possible reasons for this will 213 be discussed below.
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The Par-like proteins are known to dimerize and interact with each other and with the that ParCPa can dimerize and strongly interact with ParPPa, and both proteins interact with CheA 217 (Fig. 3 ). We did not observe ParPPa self-interaction (data not shown). In agreement with earlier 218 studies, it was determined that the Par-like proteins of P. aeruginosa interacted with a 219 representative MCP, thus demonstrating that ParCPa and ParPPa are not linked to the chemotaxis 220 system only via CheA [9] . Strikingly, we found that ParPPa interacted strongly with DipA ( Fig.   221 3). These results are novel, as ParPPa and DipA form the first direct link between the biofilm 222 dispersion and chemotaxis systems. It was previously shown by co-immunoprecipitation that 
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The dipA mutant had a reduction in swimming motility that was similar, but significantly 228 different to what was seen in the parPPa mutant ( Fig. 4A ). Localization studies suggest that the 229 motility defect may be due to the loss of ParP as well as altered c-di-GMP levels at the cell pole.
230
In P. aeruginosa PA14, Kulasekara et al [16] showed that loss of DipA leads to a loss of c-di-231 GMP heterogeneity in individual cells, with most cells having high levels of c-di-GMP. A 232 reduction in flagellar reversals and average cell velocity compared with wild type was also 233 observed. These results suggest that c-di-GMP levels modulate flagellar reversals and cell 234 velocity, however, the mechanism by which this occurs has not been determined but may involve of this heterogeneity is speculated to give a survival advantage to these cells in unpredictable environments [16] . Individual cells with high or low c-di-GMP levels would likely tend to either behind the large decrease in swimming motility in a parP mutant. We have provided compelling 286 evidence that the chemotaxis and biofilm dispersion systems are linked together via DipA and 287 ParPPa ( Fig. 8 ). When biofilm cells sense a nutrient cue to disperse, dipA, motility, and 288 chemotaxis genes are upregulated, c-di-GMP levels decrease, the extracellular matrix is broken 289 down, and cell adhesiveness is reduced [18, 20] . Due to this series of events, cells become motile Supplemental Tables 1 and 2 , respectively. All P. aeruginosa strains 301 generated in the work are derived from P. aeruginosa PAO1 (Iglewski strain). Both E. coli and 302 P. aeruginosa were grown in Lysogeny Broth (LB) with aeration and on LB 1.5% agar plates at 303 37 o C. Antibiotics were used at the following concentrations as appropriate: 50 µg/mL of 304 gentamycin and 70 µg/mL of tetracycline for P. aeruginosa and 15 µg/mL of gentamycin, 30 305 µg/mL of kanamycin, 25 µg/mL of chloramphenicol and 10 µg/mL of tetracycline for E. coli.
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Generation of deletion mutants and expression strains. In-frame gene deletions of cheA and 307 parC were generated by homologous recombination using the suicide vectors pEX18Tc or pEX19Gm as previously described [33, 34] Black arrows indicate direct protein-protein interactions, with thicker arrows being a stronger interaction. The green dashed arrow points to the different roles that DipA has in regards to biofilm dispersion and chemotaxis. The red arrow pointing down indicates a decrease in c-di-GMP levels. The blue arrow represents a nutrient cue that is sensed by NicD.
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